[1] For the first time, detailed measurements of sediment concentrations and grain velocities inside the sheet flow layer under prototype surface gravity waves have been carried out in combination with measurements of suspension processes above the sheet flow layer. Experiments were performed in a large-scale wave flume using natural sand. Sand transport under high waves in shallow water is mainly contained within the so-called ''sheet flow layer,'' a thin layer (10-60 grain diameters) in which the volume concentration of sand decreases by an order of magnitude from a value near 0.6 at the stationary bed. The thickness of the layer varies over a wave cycle and the maximum thickness increases with increasing peak Shields stress. The concentrations within the sheet flow layer vary approximately synchronously with the orbital velocity measured by an Acoustic Doppler Velocimeter (ADV) located 0.1 m above the bed, with typical phase lags of 0-p/5. In contrast, the suspended sediment concentrations a few centimeters and higher above the bed exhibit larger phase lags. Grain velocities were successfully measured in the middle and upper portions of the sheet flow layer around the time of their maximums. These velocities increased weakly with elevation from approximately 50% to 70% of the velocity outside the wave boundary layer. The observations are compared to previous experimental work and are found to be mainly consistent with observations in steady unidirectional flows and in oscillating water tunnels (OWTs), although differences in the suspended sediment concentration and the total sediment transport rate are apparent. Observations are also compared to two very different models: a 1DV suspension model for oscillatory flow with enhanced boundary roughness and a two-phase collisional grain flow model for steady unidirectional flow. While the suspension model describes the velocity profile fairly well and the collisional model describes the concentration profile well, neither model accurately predicts both the velocity and the concentration and therefore the sediment flux over the full vertical extent of the sheet flow.
Introduction
[2] Nearshore morphological evolution is strongly determined by the complex mechanisms of sediment transport caused by the action of waves and currents. Sheet flow is an important transport regime because it occurs during storm conditions when large quantities of sand are transported. Due to the large bed shear stresses under these conditions, ripples are washed out, the bed becomes relatively flat, and the sand is mainly transported in a thin layer with high sediment concentrations close to the bed, i.e., the sheet flow layer.
[3] In order to improve sediment transport modeling, information is needed about near-bed sediment transport processes. Field observations have yielded a lot of information on suspension processes above rippled and plane beds. The influences of wave conditions, wave groups, sediment size, sediment gradation, etc., have been studied for example by Vincent and Green [1990] , Hanes [1991] , Kroon [1994] , Hoekstra et al. [1994] , Houwman and Ruessink [1996] , Lee and Hanes [1996] , Van Rijn [1998] , , and Jimenez et al. [1998] . However, in the field it remains very difficult to perform detailed measurements within the dense mobile sediment layer close to the seabed. Therefore, many experiments on sand transport in sheet flow conditions have been carried out in laboratories, mainly in oscillating water tunnels (hereafter OWTs), e.g., JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 107, NO. C10, 3149, doi:10.1029 /2001JC001045, 2002 Copyright 2002 by the American Geophysical Union. 0148-0227/02/2001JC001045$09.00 the works of Horikawa et al. [1982] , Sawamoto and Yamashita [1986] , Asano [1992] , Dibajnia and Watanabe [1992] , and Li and Sawamoto [1995] . Large OWTs with prototype values of near-bed oscillatory velocities (up to 2 m/s) and oscillation periods (5-12 s) were used by King [1991] , Ribberink and Al-Salem [1994, 1995] , Ribberink [1998] , Zala Flores and Sleath [1998] , McLean et al. [2001] , and Dohmen-Janssen et al. [2002] .
[4] Horikawa et al. [1982] were among the first to measure details of oscillatory sheet flow, like the inception of sheet flow, the thickness of the sheet flow layer, timedependent concentrations profiles inside the sheet flow layer and resulting sediment transport rates for 0.2 mm sand. They found that most of the transport takes places inside the sheet flow layer, which has a thickness in the order of 10 mm. These observations were confirmed by the full-scale OWT experiments of Ribberink and Al-Salem [1994] with asymmetric (second-order Stokes) oscillatory sheet flows and similar sand (0.21 mm). Ribberink and Al-Salem concluded that sediment transport in oscillatory sheet flow behaves approximately quasi-steady. Indeed, a quasi-steady model was found to yield good predictions of the net transport rates for most oscillatory and combined wavecurrent sheet flow conditions [Ribberink, 1998 ].
[5] Time-dependent measurements of sediment concentrations [Ribberink and Al-Salem, 1995] showed that the sheet flow layer consists of two layers: a pick-up layer located below the initial bed level and an upper sheet flow layer located above it. Moreover, concentrations within the sheet flow layer were found to be nearly in phase with the near-bed velocities, while suspended sediment concentrations showed much larger phase lags. However, Horikawa et al. [1982] found indications that differences between the accelerating and decelerating phase led to differences in concentration profiles inside the sheet flow layer, indicating that the transport process in the sheet flow layer does not just depend on the velocity (which was the same because of the sinusoidal motion). Moreover, Dibajnia and Watanabe [1992] carried out experiments with short wave periods and found that in many cases a quasi-steady transport model failed to describe the magnitude and the direction of the net transport rate. They expected phase lags between velocity and concentration to be responsible. Dohmen-Janssen et al. [2002] extended the full-scale data set of net transport rates and time-dependent velocities and concentrations to sheet flow conditions of sinusoidal oscillatory flow combined with a net current for sand with different grain sizes (i.e., 0.13, 0.21, and 0.32 mm). They found that for fine sand phase lags between the near-bed velocity and the concentrations inside the sheet flow layer may become so large that they lead to reduced net transport rates [Dohmen-Janssen et al., 2002] .
[6] McLean et al. [2001] measured grain velocities within the sheet flow layer under similar conditions as DohmenJanssen et al. [2001] for fine (0.13 mm) and coarse sand (0.32 mm). They found relatively large velocities close to the undisturbed bed which lead to large sediment fluxes because of the high sediment concentrations in this region. This confirmed the earlier observations that most of the sediment transport takes place within the sheet flow layer.
[7] Because most of the transport occurs within the sheet flow layer, the thickness of this layer is an important parameter. The sheet flow layer thickness is closely related to the erosion depth. Many researchers [e.g., Wilson, 1989; Sawamoto and Yamashita, 1986; Asano, 1992; Sumer et al., 1996] have observed an approximately linear relation between the nondimensional sheet flow layer thickness or the nondimensional erosion depth (normalized by the grain diameter of the sediment) and the Shields parameter, qualitatively as predicted on theoretical grounds by Bagnold [1956] . However, Li and Sawamoto [1995] found that the sheet flow layer thickness also depends on the unsteadiness of the flow. Similarly, Zala Flores and Sleath [1998] found that the erosion depth depends both on the Shields parameter and on the ratio of inertial to gravity force. Inman et al. [1986] performed measurements in the field and observed that for fine sand (D 50 = 0.15 mm) bursting occurred near the moment of maximum velocity, resulting in a significant increase in the thickness of the sheet flow layer. King [1991] measured similar phenomena for fine sand (D 50 = 0.135 mm) in a large OWT. He expected that bursting was restricted to fine grain sediments. Dohmen-Janssen et al. [2001] also found that in oscillatory flow the sheet flow layer thickness for fine sand (D 50 = 0.13 mm) is significantly larger than for coarser sand (D 50 ! 0.21 mm).
[8] The different observations regarding fine sand verses coarse sand sheet flow dynamics were partially explained by Sumer et al. [1996] . They showed that depending upon the ratio of the particle fall velocity to the friction velocity at the bed, the immersed weight of the particles in the sheet flow may either be supported by intergranular collisions or alternatively by the turbulent fluctuations in the fluid velocity. These alternate mechanisms may also be active to different degrees in a unidirectional sheet flow (even with fixed particle and fluid properties), depending upon the vertical location within the sheet. In oscillatory sheet flows we would expect the relative importance of these processes to depend both upon vertical location and also upon time (or wave phase), because the shear stress passes through zero during the oscillation.
[9] Observations in OWTs have increased insight into oscillatory sheet flow processes. However, it is likely that transport processes under propagating waves are somewhat different from those in horizontal uniform oscillatory flows. Although OWTs are capable of simulating orbital velocities, some differences remain:
1. OWT flow is uniform in the flow direction, while the orbital motion under waves has gradients in the direction of wave propagation.
2. The ensemble (phase)-averaged flow in OWTs is purely horizontal, while the orbital motion under waves contains a vertical component. Consequently, an onshoredirected boundary layer streaming is present under waves, which is absent in OWTs.
3. Vertical turbulent fluctuations are probably suppressed in OWTs because of the influence of a rigid lid, so the distribution of Reynolds stress may be different.
4. Both in an OWT and under propagating waves the horizontal pressure gradient is in phase with the flow acceleration. However, because of the uniform flow in OWTs, the pressure itself is in phase with its gradient and is thus in phase with the acceleration, while under waves the pressure is 90°out of phase with its gradient and is thus in phase with the velocity rather than with the acceleration.
[10] It is expected that the flow very close to the bed and thus sheet flow processes are rather well simulated in OWTs, because close to the bed the vertical component of the orbital velocity is small and the vertical velocity gradients are much larger than the horizontal velocity gradients. However, since almost all knowledge about sheet flow processes is obtained from OWT experiments it is important to investigate whether this is true. Further away from the bed, in the suspension layer, differences between transport processes under waves and in uniform oscillatory flows may be much larger. In order to increase insight in suspension processes it is important to study them in relation to the near-bed transport processes. Therefore, new experiments were carried out in the Large Wave Flume in Hannover, Germany, in which detailed measurements of net transport rates, bed form characteristics and near-bed flow velocities and sediment concentrations were performed under various prototype wave conditions, both in the rippled bed and in the sheet flow regime. All measurements were carried out above a horizontal bed of wellsorted sand (D 50 = 240 mm).
[11] The aim of this paper is to describe our observations of sheet flow sediment transport under monochromatic wave conditions and compare them to theories and previous observations of similar phenomena. For the first time, detailed measurements of sediment concentrations and grain velocities inside the sheet flow layer under prototype surface gravity waves were combined with measurements of suspension processes above the sheet flow layer. From these measurements the thickness of the sheet flow layer has been determined as well as the sediment flux in the suspension layer and in the sheet flow layer. In addition, total net transport rates have been determined from bed profile measurements. The basis for the present sheet flow experiments were the large-scale OWT experiments of Ribberink and Al-Salem [1994, 1995] with asymmetric oscillatory flow and no net current, because these experiments closely resemble the situation in a large-scale shallow water wave flume with nonbreaking waves.
Experimental Set-Up

Large Wave Flume With Test Section and Instruments
[12] The experiments were performed in the Large Wave Flume (Großer WellenKanal, GWK) of the ForschungsZentrum Küste in Hannover, Germany. The flume has a length of 300 m, a width of 5 m and a depth of 7 m and has a wave paddle on one end and a 1:6 dike on the other end. The wave paddle can generate regular as well as irregular waves over a range of wave heights (±0.5 -2 m) and wave periods (±2-15 s) corresponding to prototype values. The wave maker is equipped with a reflection compensation. Usual water depths in the flume vary between 4 and 5 m.
[13] A test section, consisting of a 45 m long, 5 m wide and 0.75 m thick horizontal sand bed was positioned between x = 85 m and x = 130 m (x = 0 at the wave paddle). The sand bed was formed by well-sorted quartz (r s = 2650 kg/m 3 ) with a median grain diameter of about 240 mm (D 10 = 173 mm, D 90 = 277 mm). This sand is similar to sand used in the OWT experiments of Ribberink and AlSalem [1994, 1995] , which had the following characteristics: D 10 = 150 mm, D 50 = 210 mm, D 90 = 320 mm. Raised horizontal bottoms with the same height as the sand bottom and covered with asphalt were constructed at both ends of the sand bed over a length of about 15 m. A beach profile of coarser sand (D 50 = 0.3 mm) and a slope of about 1:10 was placed against the 1:6 dike for energy dissipation. Figure 1 shows a schematic diagram of the flume with the test section.
[14] Different instrument frames were installed in the central part of the test section. For an overview of the complete instrumental set-up the reader is referred to the work of Ribberink et al. [2000] . The measured parameters and measuring techniques that we focus on in this paper are presented in the next section.
Measured Parameters and Measuring Techniques 2.2.1. Net Transport Rates
[15] Net transport rates along the test section were determined by application of the continuity equation, using successive profile surveys. The continuity equation approach maintains that the difference between sediment flowing into a given region (q sin ) and the sediment flowing out of the region (q sout ) must be accounted for by a change in the bed elevation of that region per unit time (dV/dt):
[16] Here, e 0 is the porosity of the sand bed. Values of the porosity may vary. For example the porosity of sand that has just been deposited may be higher than the porosity of a sand bed that has been subject to wave action. Previous experiments with similar sand in an OWT showed values of e 0 varying between 0.33 and 0.47, with an average value of 0.38 [Van der Hout, 1997] . The exact value e 0 in the present tests is not known. We therefore assume a constant value of e 0 = 0.4, which is sufficiently accurate given the accuracy of the bed level measurements. In order to determine dV/dt, the bed level before and after each test was measured using a Multiple Transducer Array (MTA, see below). In order to solve equation (1), at least one boundary condition must be known. During the experiments it turned out that no sand was transported against the direction of wave propagation. Therefore net transport rates at the paddle-side boundary of the test section were set to zero.
Bed Levels
[17] An MTA similar to the one described by Hanes et al. [2001] was used to survey the sand bed profile along the entire centerline of the test area. The present MTA consists of 32 five-MHz transducers separated by 2 cm each. Each transducer is pinged in succession, and each acts as a threshold detecting sonar device. The MTA was mounted on a frame that was attached to the measuring carriage, which moved along the tank to measure the bed profile in between two experimental runs. Before each profile measurement, the frame was lowered to a fixed level, such that the MTA was positioned horizontally about 0.5 m above the sand bed. The MTA was oriented 45°with respect to the centerline of the flume in order to measure bed level variations in a 45 cm wide strip across the flume.
[18] The horizontal resolution is determined by the sampling frequency of the MTA (1.7 Hz) and the velocity of the carriage (6.5 m/min). This yields a horizontal resolution of about 65 mm. Due to the orientation of the MTA, averaging the results of the different transducers (i.e., across the flume) yields a horizontal resolution of about 3 mm. The vertical resolution of the MTA is determined by its ability to measure the elapsed time between the transmission of a sound pulse and the detection of the exceedance of a threshold return. This results in a resolution of less than 1 mm. However, the (vertical) accuracy of the MTA is influenced by a variety of environmental conditions and is estimated to be approximately 2 mm for this experiment.
Local Measurements of Flow Velocity and Sediment Concentration
[19] Attached to a vertical pole on the measuring carriage (on the opposite side of the profile frame) were an Acoustic Doppler Velocimeter (ADV) [see Lohrmann et al., 1994] and a Transverse Suction System (TSS) (similar to the one developed by Bosman et al. [1987] ). During the measurement they were positioned at x = 109.2 m. The ADV was used to measure alternately three components of the nearbed flow velocity and the level of the sand bed underneath the probe. The sampling volume of the ADV is located about 5.9 cm below the probe tip and has a (horizontal) diameter of about 6 mm and a thickness of about 9 mm. The TSS was used to measure time-averaged (i.e., averaged over 5-10 min or about 30-100 waves) suspended sediment concentration and grain size distribution profiles by extracting samples of suspended sediment in a direction normal to the flow at ten different levels simultaneously. The intake nozzles (inner f 3 mm, outer f 5 mm) stick out 50 mm from the vertical pole.
Close to the ADV, a Conductivity Concentration Meter system (CCM system) was buried under the sand bed to measure sediment concentrations and grain velocities inside the sheet flow layer. Measured concentration profiles were used to determine the sheet flow layer thickness. Figure 2 shows a schematic diagram of this set-up.
[20] The CCM system was specifically developed for the present flume tests. It consists of two CCMs (developed by Delft Hydraulics, see, e.g., Ribberink and Al-Salem [1995] ), installed in a waterproof enclosure that was buried under the sand bed, such that the CCM probes penetrated the sheet flow layer from below. The probes could be moved up and down using a remotely controlled vertical positioning system. The CCM system was installed in the flume such that the two CCM probes were aligned in along-flume direction. With each probe, concentrations are only measured at a single point at the time. Therefore, repetitive tests have been carried out with the CCMs positioned at different elevations relative to the bed, in order to cover the entire sheet flow layer in the measurements.
[21] The CCM is designed to measure high sand concentrations (%100 -2000 g/l or 0.04 to 0.75 by volume). It consists of four electrodes (thickness 0.3 mm, distance between them 0.6 mm) and measures the electrical conductivity of the sand/water mixture, which is related to the volume concentration of sand. The vertical thickness of the sensing volume is approximately 1 -1.5 mm. In the present experiments two CCM probes were used at the same vertical elevation but separated by 15 mm in the horizontal (flow) direction in order to determine grain velocities by cross-correlation of the two concentration signals.
[22] Acoustic backscatter sensors (ABS) [see Thorne and Hanes, 2002] were used to measure the suspended sediment concentration profile as a function of time and elevation above the seabed. These sensors provided estimates of concentration with 0.75 cm vertical resolution and 0.25 s temporal resolution. They were mounted on a frame that was attached to the sidewall of the flume (at x = 106 m). The instruments were positioned about 1 m from the sidewall. This frame also held two additional ADVs to measure the local near-bed flow velocity, an MTA to measure the local small-scale bed form dimensions and a pressure sensor to measure wave height.
Test Conditions
[23] Hydraulic conditions varied from monochromatic waves to wave groups, random waves and bimodal random waves, both in the rippled bed and in the sheet flow regime. In this paper we focus on the tests with monochromatic sheet flow conditions. The monochromatic waves generated by the wave maker are very similar in shape to cnoidal waves.
[24] Test conditions are presented in Table 1 . This table includes the design wave height at the wave maker H des , the wave period T, the height of the sampling volume of the ADV above the sand bed z adv , the horizontal velocity measured at that level and the number of half-hour runs per test condition, N. For each condition, the measured velocity is represented by the average values over the different half-hour runs of the root mean square velocity u rms , the mean velocity u m and the velocities under the crest and the trough of the wave, u c and u t . For all tests, the water depth at the wave paddle was 4.25 m, corresponding to a water depth above the sand bed of 3.5 m.
[25] Table 1 also presents a value of the Shields parameter under the crest and the trough of the wave, q c and q t . This value of q is calculated using a wave friction factor according to Swart [1974] and a mobile-bed roughness height given by the expression of Sumer et al. [1996] to take into account the fact that the roughness height in sheet flow is larger than the grain size. Notice that Sumer et al.'s expression for mobilebed roughness height was derived for steady flow. Because we expect sheet flow under waves to behave more or less quasi-steady, we think that using this steady flow mobile-bed roughness relation gives a reasonable approximation for the values of the Shields parameter under the crest and the trough of the wave. According to this expression, the roughness is a function of the Shields parameter and the ratio of settling velocity to friction velocity. The expression for the wave friction factor of Swart is an explicit approximation to the implicit formulation of Jonsson [1966] , which is valid for rough turbulent flow over fixed beds. Values of the Reynolds number (Re = u Â a/n) and the relative roughness (a/k s ) for the present experiments, calculated using the Sumer et al.
[1996] expression for the roughness, were found to lie in the range of 5 Â 10 5 to 3.5 Â 10 6 and 670 -1540, respectively, indicating that the flow is probably in the rough turbulent regime. However, if the grain size were used for the roughness then the flow would be in the transitional regime, so there is still some uncertainty regarding the level of turbulence within the sheet.
Net Transport Rates
Bed Profiles and Net Transport Rates Along the Test Section
[26] Figure 3 shows a typical example of two profiles of the sand bed along the test section before and after an experimental run. The profile shows the slope that forms the transition between the asphalt bottom and the test section (x = 85-87 m). At this stage in the experiments, an erosion hole has been developed on the ''offshore'' edge of the test section. At the beginning of this specific run the erosion hole has reached the bottom of the flume (z = 0) between x = 87 m and x = 89 m. By the end of the run, the erosion hole has grown: apparently sand has been transported in the shoreward direction during this run. The erosion hole, when it existed, never reached the measurement position, located at x = 106-109 m. Because of the distorted scale (1 m vertically, 55 m horizontally) in Figure 3 , some long-scale bed features can be observed. However, they have very mild slopes (0.03 in this case), which can be seen in the inset that shows the two bed profiles around the measurement location (x = 105-115 m) at undistorted scale.
[27] Figure 4 shows the net transport rate along the offshore part of the test section (x = 85-115 m), calculated from the difference in bed level between the two profiles shown in Figure 3 . No sand is present for x < 89 m (asphalt bottom and erosion hole). Consequently, the net transport rate is zero here. For x > 89 m, the net transport rate sharply increases, until the ''transport capacity'' is reached and the net transport rate becomes more or less constant (x = 95-115 m). The net transport rate for this run is determined as the average net transport rate over a 2.5 m long region around x = 109 m (the location where the velocity is measured, indicated by the dashed line). The same procedure is followed for all the tests for which net transport rates were measured (conditions me, mf, mh, and mi) and the results of the different runs are averaged for each wave condition.
Net Transport Rates Under Waves and in Uniform Horizontal Oscillatory Flows
[28] Figure Table 2 . In addition, Figure 5 presents results obtained form measurements in a large OWT [Ribberink and Al-Salem, 1994] . Lines are fitted (forced through zero) through both data sets.
[29] Figure 5 shows that a linear relation between the net transport rates and the third-power velocity moment is a reasonable assumption in both cases. However, net transport rates under waves are about a factor 2.5 larger than in uniform horizontal oscillatory flows, probably because of the previously mentioned differences between boundary layer flows in OWTs and boundary layer flows under freesurface gravity waves. Model calculations by Bosboom and Klopman [2000] indicate indeed that this difference may (partly) be attributed to the onshore-directed boundary layer streaming that is present under waves and is absent in horizontal oscillatory flow. As a rough indication of the effect of a boundary layer streaming on the net transport rate, it is investigated what the effect is of a small positive (onshore) net current on the third-power velocity moment, which is directly related to the net transport rate. Adding a net current with a velocity of 5% of the maximum (crest) velocity to the second-order Stokes velocities of the OWT experiments leads to third-power velocity moments that are a factor 1.4-1.9 larger than without this small net current. This factor is the same order of magnitude as the ratio between the measured net transport rates under waves and in uniform oscillatory flow (2.5), which indicates that a small onshore boundary layer streaming may be (partly) responsible for the relatively large increase in net transport rate.
Time-Averaged Sediment Concentration Profiles
[30] Figure 6 shows the time-averaged sediment concentration profile for condition mh (T = 6.5 s, H = 1.6 m) on semilogarithmic scale in the lower 0.2 m above the bed. Measurements in the sheet flow layer are from the CCM. In the suspension layer, the figure shows concentrations measured by the TSS and by two ABSs: ABS1 (1 MHz) and ABS2 (2 MHz). The difference between the two ABS estimates is probably due to sediment size effects upon instrument calibration, which have not been considered here. These profiles exhibit strong gradients near the bed, with the vast majority of the moving sediment being contained in a very thin layer. The relatively small vertical gradient in the measured suspended sediment concentrations above 3 cm is somewhat perplexing. It might be due to the presence of fine sediments, or there may be a background level of turbulence that builds up above the wave boundary layer.
[31] The level z = 0 is defined as the level of the initial still bed. This level is determined by shifting the z = 0 level until the amount of sand that is ''missing'' below z = 0, is equal to the amount of sand entrained into the flow, i.e., the total load. This can be seen more clearly in Figure 7 , which shows the time-averaged concentration profile in the lowest 12 mm. The area below z = 0, above the measured concentration profile and to the left of the thin vertical dashed line (representing the still bed concentration) represents the amount of sand ''missing'' from the bed. This area is equal to the integration of the concentration profile above z = 0, i.e., the total load.
[32] Figure 7 also shows the time-averaged concentrations inside the sheet flow layer of all individual waves (dots in the figure). This gives an indication of the uncertainty in elevation of the CCM measurements, which is about 2 mm (±1 mm). All measured concentrations are grouped in bins, based on their wave-averaged value. The average bin concentrations are plotted against the average bin levels (solid circles in the figure), together with their standard deviations (error bars). These bin averages were plotted in Figure 6 .
[33] Figures 6 and 7 show that a very sharp vertical concentration gradient is present close to the bed, with concentrations decreasing from 0.67 m 3 /m 3 at approximately 4 mm below the initial bed level to a value of about /m 3 at approximately 1 mm above the initial bed level. Concentrations in the suspension layer are orders of magnitude smaller than in the sheet flow layer, and the gradient of the concentration is also significantly smaller in the suspension layer.
[34] Suspension Layer: Comparison with Large-Scale OWT Data: Figure 8 shows time-averaged suspended sediment concentration profiles, measured by Transverse Suction, for two conditions with a constant wave period (T = 6.5 s) and two different wave heights (i.e., mh and mi). (The two lines represent measured concentration profiles in uniform oscillatory flow, which will be discussed below). The concentrations are shown on log -log scale. For each condition the measurements of four runs are presented. As one would expect for sheet flow conditions, concentrations are higher for higher waves (and corresponding higher near-bed orbital velocities).
[35] Smith [1977] derived an expression for the timeaveraged suspended sediment concentrations under waves above a plane bed (similar to the Rouse profile for steady flow), by assuming a diffusion model with a linearly increasing sediment mixing coefficient (e sz = ku * z with k the Von Karman constant and u * the friction velocity). This results in a power law distribution of the time-averaged concentration (a straight line on log -log scale): . This equation is dimensional and may depend for example on the grain size. Still, it is applied here in order to get an estimate of the concentration profile in oscillatory flow (using equation (2) with a = 2.1) and compare that with the measurements under waves. This is assumed to be valid because the flow conditions and the sediment in the flume experiments are similar to those in the OWT (i.e., T = 6.5 s, u rms = 0.6 m/s, D 50 = 240 mm). These estimated concentration profiles in oscillatory flow are represented by the two lines in Figure 8 . Comparing the measured concentration profiles in oscillatory flow (lines) with the measured concentration profiles under waves (symbols) shows that under waves the decrease in suspended sediment concentration with height is much smaller than in oscillatory flow. The value of the concentration decay parameter a is about 0.55 for the two concentration profiles under waves (values of a are found by fitting a power law through the data). Consequently, further away from the bed the suspended sediment concentrations under waves are far higher than in oscillatory flow, with differences of more than a factor 10 for levels higher than 0.2 m above the bed. Still, close to the bed the differences are smaller and seem to disappear at lower levels. The latter would be expected because near-bed processes are supposed to be simulated rather well in an OWT, while further away from the bed differences may be larger, for example due to the suppression of a vertical velocity component in an OWT due to the rigid upper lid.
[38] The measured increase in concentration in run mi relative to run mh due to the increase in near-bed orbital velocity is larger than predicted by the empirical expression. The root mean square velocity between the two runs increases by about a factor of 1.05, which leads to a predicted increase in concentration with a factor of about 1.12 (1.05 2.4 ). However, the measured concentrations increase by about a factor 2. Note that the increase in crest velocity (a factor of 1.12 between these two conditions) is larger than the increase in root mean square velocity. For the conditions of Ribberink and Al-Salem [1994] the increase in crest velocity was the same as the increase in root mean square velocity. If the time-averaged concentration profile is strongly determined by the maximum velocity, this might (partially) explain the difference between the predicted and the measured increase in concentration. [40] At the deepest level (z = À4 mm) the concentration remains constant throughout the wave cycle at a value of about 0.67 m 3 /m 3 (still bed value), indicating that no sand is moving at this level. Between z = À4 mm and z = 0 mm is the pick-up layer: at z = À2.4 mm, the concentration under the crest of the wave decreases, because sediment is being picked up from the bed by the near-bed velocity. At higher elevations (z = À1.4 mm and z = À0.4 mm), sand is also being picked up under the trough of the wave. However, the decrease in concentration is smaller than under the crest of the wave due to the lower near-bed velocity under the trough than under the crest of the wave.
[41] The upper sheet flow layer is located just above the initial bed level. In the upper sheet flow layer the concentration is coherent with the velocity, because sediment is entrained from the pick-up layer. The concentrations under the trough of the wave are lower and decrease faster with height than under the crest of the wave. This is again caused by the strongly asymmetric near-bed velocities. Between the pick-up layer and the upper sheet flow layer, near the level of the initial still bed (z = 0), the measured concentration is more or less constant around 0. might be an artifact of the sampling volume of the CCM (which has a thickness of 1 -1.5 mm).
[42] It is difficult to compare the measured time-dependent concentrations directly with the time-dependent concentrations measured by Ribberink and Al-Salem [1995] in a large OWT, because test conditions were similar but not exactly the same. However, the time-dependent pattern of the concentrations in the sheet flow layer under waves, as presented in Figure 9 , is very similar to that observed by Ribberink and Al-Salem [1995] and to those observed in other OWT experiments under different conditions [e.g., Dohmen-Janssen et al., 2002] . Therefore a more integrated parameter, i.e., the sheet flow layer thickness, will be used to make a direct comparison between the results under waves and in uniform oscillatory flows (see section 5.2).
[43] The lower panel of Figure 9 shows the ensembleaveraged concentrations at 5 elevations in the suspension layer. These measurements were obtained with an ABS, which acquires nearly instantaneous vertical profiles, so measured phase differences are accurate and do not rely upon assumptions typically required when interpreting pump-sampling systems. This figure shows that at 10.6 mm above the bed the peak in concentration occurs after the moment of maximum velocity and later than in the sheet flow layer. This is caused by the time required to entrain sediment into the flow. At higher elevations the maximum concentration occurs after flow reversal, i.e., under the trough of the wave. This means that the sand that causes this concentration peak will be transported in the direction opposite to the wave propagation, which shows that the phase of the concentration is an important parameter for the sediment flux. The patterns of suspension close to the seabed are qualitatively consistent to the ''onshore'' suspension events observed in the field by Dick et al. [1994] , and the patterns further from the bed are similar to their ''offshore'' suspension events.
Time-Dependent Concentration Profiles and Sheet Flow Layer Thickness
[44] Time-dependent concentrations in the sheet flow layer are presented in a different way in Figure 10 , which shows vertical concentration profiles at different phases during the wave cycle. For example, the upper left-hand panel shows that from t/T = 0 to t/T = 0.2 (acceleration phase under the crest of the wave) more and more sediment is being picked from below z = 0 and entrained into the flow (above z = 0) and the thickness of the sheet flow layer increases. When the flow decelerates (t/T = 0.2-0.4; upper right-hand panel) the sand settles out and the sheet flow layer thickness decreases again. These results indicate that the concentration in the sheet flow layer is directly and nearly simultaneously related to the near-bed velocity.
[45] Generally, the sheet flow layer is defined as the layer where intergranular forces are important [e.g., Bagnold, 1956] . Therefore in this study the top of the sheet flow layer is defined at the level where the concentration is equal to 0.08 m 3 /m 3 , which corresponds to a concentration for which the distance between uniform spheres in rhombohedral packing is equal to the sphere diameter. It can be expected that for higher concentrations intergranular forces become important.
[46] At t/T = 0.2 (maximum crest velocity) the concentration at z = À4 mm is equal to the still bed value, while the concentration at z = À2.4 mm is smaller than the still bed value. This means that at this instant the bottom of the sheet flow layer is located between z = À2.4 mm and z = À4 mm. The concentration profile reaches a value of 0.08 m 3 /m 3 at about z = +2.5 mm, which is the top of the sheet flow layer. This means that at this instant the sheet flow layer has a thickness of about 5 -7 mm.
[47] Under the trough of the wave (lower panels) the velocities remain lower than under the crest of the wave. Consequently, the sheet flow layer is thinner and shows a smaller variation during this part of the wave cycle. For example at maximum trough velocity (t/T = 0.675) the bottom of the sheet flow layer is located between z = À1.4 mm and z = À2.4 mm and the top of the sheet flow layer is located at about z = +1 mm. Thus at this instant the sheet flow layer has a thickness of about 2.5-3 mm.
[48] Note that the thickness of the sheet flow layer does not decrease down to zero when the velocity decreases to zero. This may partly be caused by the fact that sand does not react fully instantaneously to changes in near-bed velocity. However, it will also be influenced by the fact that the measured concentration is the average value over the sampling volume of the CCM, which has a height of about 1 -1.5 mm. Even for a still bed, the measured concentration will show a continuous distribution decreasing from the still bed value (0.67) when the sampling volume is completely buried under the sand to zero concentration, when the sampling volume is completely above the sand bed. Indeed, it was found that for conditions with no sheet flow layer, CCM measurements showed a decrease in concentration from 0.67 to 0.08 over about 1 -1.5 mm. Thus, values of sheet flow layer thickness less than 1.5 mm are not considered to be very accurate.
[49] Based on these considerations the thickness of the sheet flow layer has been determined from the concentration profiles under the maximum crest and maximum trough velocity for all three conditions for which detailed CCM measurements were carried out (i.e., me, mf, and mi). In addition, the sheet flow layer thickness has been determined for 4 conditions, for which just one half-hour run was carried out (mk, ml, mm, and mn). During these tests the CCMs have been moved up and down through the sheet flow layer to determine the thickness of the sheet flow layer.
[50] Values of the sheet flow layer thickness under the maximum crest and maximum trough velocity derived in this way are normalized by the mean grain size and plotted in Figure 11 against the maximum value of the Shields parameter q under the crest or the trough of the wave, Figure 11 . Sheet flow layer thickness under the crest and the trough of the wave (i.e., at maximum positive and negative velocity) as a function of Shields parameter: comparison between measurements under waves and in horizontal uniform oscillatory flow and an empirical expression for steady flow derived by Sumer et al. [1996] .
respectively. This figure also shows values of sheet flow layer thickness, measured in an OWT with and without a net current superimposed and an expression for the nondimensional sheet flow layer thickness as a function of q, derived by Sumer et al. [1996] , based on observations in steady flow. For the measurements, the (calculated) maximum values of q under the crest and under the trough of the wave (i.e., q c and q t ) were presented in Table 1 .
[51] The figure shows that the sheet flow layer is several grain diameters thick (10 -60) and that values of the sheet flow layer thickness under waves are very similar to those in OWT flows and to those in steady flow. A linear relation between the nondimensional sheet flow layer thickness and the Shields parameter seems to be a reasonable approximation.
Grain Velocities Inside the Sheet Flow Layer
[52] Grain velocities in the sheet flow layer were determined from a cross-correlation between the two concentration signals: the time lag for which a peak in crosscorrelation is observed (Át) determines the horizontal grain velocity u g , because the distance between the probes is fixed (Áx = 15 mm): u g = Áx/Át. Velocities were calculated at different elevations above the base of the sheet flow layer, as determined by the average elevation of each concentration bin. First, the concentrations signals were high-pass filtered. In order to determine the velocity within the wave cycle, each wave period was divided into 36 intervals. For each phase interval of each wave within a bin, the crosscorrelation of the two concentration signals was determined. Next the cross-correlations of all the waves in a bin were averaged per phase interval, in order to determine the ensemble-averaged cross correlation. For more details about this correlation technique, see the work of McLean et al. [2001] .
[53] Ensemble-Averaged Time Series: Figure 12 shows the ensemble-averaged grain velocities at different elevations inside the sheet flow layer, together with the freestream velocity (measured by ADV at about 0.1 m above the bed) for condition mh. Grain velocities could only be determined under the crest of the wave: no clear peak in cross-correlation was observed under the trough of the wave. It is expected that this is caused by the fact that both the sheet flow layer under the trough is much thinner and the velocities are much lower.
[54] The figure shows that the grain velocities inside the sheet flow layer are relatively high: even in the pick-up layer (z < 0 mm) the grain velocity is still about 50% of the free-stream velocity. Because the concentrations in the pickup layer are very high, this leads to high sediment fluxes in this region, as will be shown later.
[55] The velocity at z = +1.0 mm and +2.3 mm clearly leads the free-stream velocity. However, in the pick-up layer the peak in grain velocity seems to occur later than just above the bed. This might be caused by the fact that at this low level the sand only starts moving when enough sediment has been picked up from the bed.
[56] These results are similar to observations by McLean et al. [2001] in a large OWT. However, a direct comparison between the results is not possible, since McLean et al. applied sinusoidal oscillatory flow in combination with a net current rather than asymmetric oscillatory flow. Notice that McLean et al. were able to measure grain velocities under the trough of the wave as well as under the crest, probably due to the fact that their oscillatory motions were less asymmetric, resulting in a higher trough velocity, concentration, and sheet flow layer thickness than in the present experiments.
Comparison of Measured Velocity, Concentration, and Sediment Flux Profiles With Theories
[57] Measured velocities, concentrations and resulting sediment fluxes are next compared with predictions of two distinct, existing models. The first is the time-dependent 1DV sediment transport model developed by Ribberink and Al-Salem [1995, hereafter RA95] that describes the distribution of flow velocity and suspended sediment concentration in an oscillating boundary layer. The second is the collisional grain flow model of Jenkins and Hanes [1998, hereafter JH98] . JH98 describes the distribution of grain and fluid velocities and sediment concentrations over a steady, unidirectional, sheet flow layer. Neither of these models is expected to fully describe our sheet flow observations, but they provide two extremes in their assumptions regarding the physical processes in sheet flow. RA95 models the boundary layer as a pure turbulent fluid, with an effectively increased roughness due to the sheet flow. JH98 is a two-phase model in which the granular interactions are described by application of kinetic theory. Before presenting the results, the models will be briefly summarized below.
1DV Time-Dependent Suspension Model
[58] RA95 calculates the velocity in the boundary layer of a uniform horizontal oscillatory flow (@u/@x = 0; w = 0). Thus rather than the boundary layer flow under progressive waves, the model describes the boundary layer as present in an OWT. It solves the 1DV Navier -Stokes equation, using the free-stream velocity as a boundary condition. At the lower boundary, the velocity is assumed to be equal to zero at z 0 = k s /30, with k s the roughness height. The Prandtl mixing length is applied to calculate the (time-dependent) turbulent eddy viscosity n t : Here l m is the mixing length, which is equal to kz with k the Von Karman constant (k = 0.4).
[59] Suspended sediment concentrations are calculated from a mass balance, using an advection-diffusion approach. Boundary conditions for the sediment concentrations are: zero vertical sediment flux at the upper boundary and an imposed reference concentration at the lower boundary (reference level = 2 D 50 ), according to the expression of Engelund and Fredsøe [1976] .
[60] The model is based on the assumption that concentrations are so low, that the flow velocity is not influenced by the presence of the sediment and that the vertical sediment velocity is equal to the settling velocity of a single sediment particle. Specific sheet flow processes, like sediment -flow interaction and grain -grain interaction, are not included.
Sheet Flow Model
[61] JH98 applies the kinetic theory of grain flows to formulate a theory for a two-phase, unidirectional sheet flow. The theory was developed to describe intense bed load sediment transport under conditions during which the collisions between grains dominate the momentum transport. Momentum and energy conservation equations are formulated for each phase. JH98 specifies a standard eddy viscosity profile to describe the turbulent shearing of the fluid. The kinetic theory of granular flow is used to formulate the stresses in the granular phase that result from intergranular collisions. The fluid and granular phases are coupled through the drag that results from the velocity difference of the mean motion of the fluid and that of the particles. The lower boundary that separates moving from immobile grains is treated as a phase transition, which results in a boundary condition that specifies c b = 0.55, which is the maximum concentration at which a randomly packed assembly of spheres can shear without dilation. The momentum and fluctuational energy conservation equations are solved numerically along with specific boundary conditions to provide the profiles of concentration, velocity, and fluctuational energy. As JH98 was developed to describe steady, unidirectional flows, it might be expected to apply to oscillatory flows during instances of maximum (and minimum) velocity when the fluid acceleration is relatively small.
Model Data Integration
[62] Unfortunately, the CCM measurement technique only allowed grain velocities to be measured under the crest of the waves. Therefore, a comparison is made between measurements and predictions of the two models at the phase of the maximum free-stream velocity for condition mh (i.e., t/T = 0.2).
[63] In RA95 the level z = 0 corresponds to the undisturbed bed. Therefore, all levels in the calculations of the suspension model are shifted down 4.0 mm, such that the undisturbed bed is at z = À4.0 mm, which corresponds to the undisturbed bed in the measurements at the phase of the maximum free-stream velocity (see Figure 10) . The suspension model only calculates concentrations from the reference level z a above the undisturbed bed, upward (z a = 2 D 50 = 0.49 mm). Therefore, results of the suspension model are only shown for z ! À3.5 mm. At the upper boundary a velocity is imposed in the form of a second-order Stokes velocity:
[64] The velocity measured by ADV at 0.1 m above the bed is analyzed to determine u 1 and u 2 . For run mh the following values are found: u 1 = 0.90 m/s and u 2 = 0.19 m/s. Next, calculated velocities are shifted in phase such that t/T = 0 corresponds to an upward zero-crossing velocity, just as in the measurements. At the lower boundary the roughness height has to be specified. Results are shown for two different roughness heights. First a roughness height of 2.5 D 50 is applied. This is a more or less standard value for the roughness height of a flat sand bed. However, it is often assumed that in sheet flow conditions the roughness height is much larger than 2.5 D 50 . Based on measurements of velocity and concentration profiles in sheet flow conditions in an OWT, Dohmen-Janssen et al. [2001] found that in oscillatory sheet flow the roughness height is of the order of the sheet flow layer thickness. This is in agreement with observations by Sumer et al. [1996] and Wilson [1989] , for example, for steady flow. Therefore, model calculations are also carried out with an imposed roughness height that is equal to the measured sheet flow layer thickness for this case (i.e., k s = 6 mm).
[65] The higher roughness leads to a higher bed shear stress. Because the imposed velocity at the top is the same in both cases, an increased bed shear stress leads to decreased velocities close to the bed. In addition, the increased shear stress leads to increased sediment concentrations.
[66] JH98 is compared here with measurements under waves by assuming that the sheet flow layer behaves in a quasi-steady manner. This means that at each instant during the wave cycle the velocity and concentration in the sheet flow layer are assumed to be instantaneously related to the driving force (i.e., the shear stress or the free-stream velocity). Obviously, this is not exactly the case, since the flow in the wave boundary layer leads the free stream. However, it is a reasonable approximation at the phase of the maximum free-stream velocity, when the accelerations are small. Moreover, measurements showed that in the sheet flow layer, concentrations are directly and indeed nearly simultaneously related to the near-bed velocity (Figures 9  and 10 ), indicating that inside the sheet flow layer the assumption of quasi-steadiness is reasonable.
[67] The JH98 model can be driven by a shear stress (Shields parameter) or by the velocity at the top of the sheet, which in this case is defined as the level where the concentration is equal to 0.01 m 3 /m sheet. It turns out that the velocity in the suspension model does not vary a lot with height at levels higher than about 10 mm above the undisturbed bed. Therefore the value of the velocity calculated by RA95 with increased roughness at 10 mm above the undisturbed bed is imposed as the velocity at the top of the sheet in the sheet flow model. Increased roughness is used to give more realistic results in sheet flow conditions.
[68] In order to compare the measurements to the predictions of JH98, the level z = 0 (initial still bed) is determined in the same way as in the measurements, i.e., by shifting the level z = 0 until the total amount of sand missing below z = 0 is equal to the total load above z = 0.
Results
[69] Comparisons between the measurements and the model results are presented in Figures 13, 14 , and 15. Figure 13 presents velocity profiles in the lower 10 mm above the undisturbed bed (no velocities were measured between z = 2.4 mm and z = 100 mm). Figures 14 and 15 present the concentration and sediment flux profiles in the lower 0.1 m above the undisturbed bed on log -log scale. In order to show the concentrations and fluxes in the pick-up layer (i.e., at negative z-values), they are plotted against z 0 , with z 0 = z + 4 (mm). Thus the bottom of the sheet flow layer is at z 0 = 0 in these two plots.
[70] Measured sediment fluxes are determined as the product of concentrations measured by CCM and grain velocities, derived from cross-correlations between the CCM signals. Figure 15 also includes an estimate of the measured suspended sediment flux. Since no velocity measurements are available below z = 0.1 m in the suspension layer, the suspended sediment flux is estimated from timedependent suspended sediment concentrations measured by ABS and time-dependent velocities calculated by RA95 with increased roughness.
Sheet Flow Layer
[71] Figure 13 shows that RA95 with a roughness of 2.5 D 50 predicts much higher velocities than the measured grain velocities inside the sheet flow layer. Note that the model predicts fluid velocities, while the measurements represent the velocity of the grains. However, the JH98 model indicates that the difference between the two phases is minor. Imposing an increased roughness leads to reduced velocities in the near-bed region and improved agreement with the measurements. This indicates that velocities inside the sheet flow layer are reduced, compared to velocities above a flat sand bed without a sheet flow layer. This is in agreement with earlier observations from an OWT, indicating that nearbed processes in purely oscillatory flow are indeed similar to those under waves.
[72] The JH98 model predicts a much thinner sheet low layer than observed in the measurements: the velocities go to zero at z = À2.2 mm and the top of the sheet flow layer (the level where the concentration is equal to 0.01 m 3 /m 3 ) is located at z = +3.2 mm, yielding a sheet flow layer thickness of 5.4 mm. Using this definition for the top of the sheet flow layer would result in a sheet flow layer in the measurements of about 9-11 mm. Consequently, the sheet flow model predicts a much larger shear than observed in the measurements. The fact that the velocities go to zero closer to the initial bed than in the measurements may partly be caused by the fact that in this model it is assumed that particles cannot shear at concentrations higher than 0.55 m [73] Figure 14 shows that the near-bed concentrations predicted by RA95 are much lower than the measured concentrations. This is not surprising, since this model does not include any sheet flow processes, but just calculates a reference concentration at 2 D 50 above the undisturbed bed and the concentration profile above it based on an advection-diffusion approach. An increased roughness leads to increased concentrations due to the larger shear stress and thus higher mixing coefficient.
[74] The JH98 model shows surprisingly good agreement with the measured concentrations. This model does not predict concentrations higher than 0.55 m 3 /m 3 , since this value is used as boundary condition, where the velocities go to zero. Higher in the sheet flow layer (z > +1 mm; z 0 > 5 mm), the model predicts smaller concentration than observed in the measurements. This is probably caused by the fact that this model does not include any mixing of sediment due to turbulence, which starts to become important in this region, where the concentrations are relatively small.
[75] Figure 15 shows that the measured sediment flux inside the sheet flow layer continues to increase toward the bed. However, near z = À4.0 mm (z 0 = 0) the sediment flux must be zero, because this is the level of the undisturbed bed. Due to the largely underestimated concentrations, the sediment fluxes in the sheet flow layer predicted by RA95 are much smaller than the measurements. JH98 predicts sheet flow fluxes that are very similar in magnitude to the measured fluxes. However, they decrease to zero faster than in the measurements (over a thinner sheet flow layer).
Suspension Layer
[76] As shown before (Figures 6 and 9 ), Figure 14 shows that the suspended sediment concentration is much smaller than the concentration in the sheet flow layer. Figure 15 shows that, as a consequence, the suspended sediment flux is more than an order of magnitude smaller than the sediment flux in the sheet flow layer. This means that-at least under the crest of the wave-a large part of the sediment transport is concentrated very close to the bed, inside the sheet flow layer. This was observed before in uniform oscillatory flow [e.g., Dohmen-Janssen et al., 2002] . However, it is important to notice that this also seems to be the case under waves, even though the suspended sediment concentrations under waves are larger than in uniform oscillatory flow (see Figure 8) .
[77] The suspended concentration and sediment flux profiles predicted by RA95 are very different from the measured profiles. The predicted concentrations and sediment fluxes decrease much faster with height than in the measurements, suggesting that either additional mixing is present in the experiments that is not included in the model, or that there are sediment grading effects in the experiments that are not included in the model.
Net Sediment Flux and Comparison With Measured Total Net Transport Rate
[78] Vertical integration of the sediment flux profile, presented in Figure 15 , yields the sediment transport rate under the crest of the wave in the lower 100 mm above the bed. The transport rate above that level has been estimated from extrapolation, by fitting a linear profile through the upper part of the flux profile (z > 60 mm). The transport rate between the lowest level in the suspension layer (z = 10.8 mm) and the highest level in the sheet flow layer (z = 2.3 mm) has been estimated by assuming a power law distribution of the flux between these levels. As before, the top of the sheet flow layer is defined as the level where the concentration is equal to 0. [79] Apparently, under the crest of the wave, the suspended sediment transport rate is less than 10% of the total. Moreover, it was found that approximately 95% of the total transport rate is located in the lower 15 mm above the undisturbed bed (z = À4 mm to z = +11 mm). However, the large vertical gradients in this region in combination with the relatively large inaccuracy in the elevation of the CCM (±1 mm) and the uncertainties in the values of the concentration and the grain velocities lead to large uncertainties in the value of the transport rate. It is estimated that due to these uncertainties the transport rate derived from integration of the flux profile may vary with about a factor 0.5-1.6.
[80] Because grain velocities and thus sediment fluxes could not be determined under the trough of the wave, the net sediment flux or net sediment transport rate cannot be determined directly from the flux measurements. However, both in the past and for the present flume tests it was found that a linear relation between the transport rate and the third power of the instantaneous near-bed velocity is a reasonable assumption for the sheet flow layer. Therefore, the sediment flux measurement under the crest of the wave and the measured time-dependent near-bed velocity are used to calculate the time-dependent transport rate over the full wave cycle. Averaging over the wave yields the following estimate of the net transport rate: hq s, flux i = 70.7 Â 10 À6 m 2 /s (±50 -60%). This value can be compared with the net transport rate, derived from the mass conservation technique hq s,mc i (section 3.2), which for the present condition (mh) was equal to 42.9 Â 10 À6 m 2 /s (±40%).
[81] There are several possible sources of error that may contribute to this discrepancy. For example, the relation between q s and u 3 and/or the fact that a slightly different time-dependent velocity may lead to relatively large differences in the mean value of hu 3 i, especially for the relatively symmetric flow velocity of condition mh. Moreover, the value of the bed concentration c b , measured by CCM, was found to be 0.67 (corresponding to a porosity of the sand bed of 0.33). This is considered to be rather high, resulting in high estimates of the sediment flux. This might be caused by an incorrect estimate of the CCM calibration factor. A value of c b of about 0.6 is probably more realistic (corresponding to a porosity of 0.4). Since it is reasonable to assume that the calibration factor is constant, the concentrations in the sheet flow layer are multiplied with a factor 0.9 (0.6/0.67) to provide a better estimate of the net transport rate from the sediment flux profile.
[82] The same analysis is performed for the other two conditions for which CCM measurements are carried out (i.e., me and mf ). Figure 16 presents a comparison between the net transport rates derived from the mass conservation technique hq s,mc i and the net transport rates derived from the sediment flux profiles hq s,flux i (using c b = 0.6). It is considered to be promising that the new cross-correlation technique to measure grain velocities inside the sheet flow layer yields estimates of net transport rates that are similar to the total net transport rates derived from the mass conservation technique, as indicated by the fact that the error bars cross the line of perfect agreement, despite the assumptions and inaccuracies to calculate the sediment flux in the sheet flow layer.
Conclusions
[83] Near-bed sediment transport measurements have been presented from experiments that were carried out under prototype wave conditions in a large wave flume. Observations of sheet flow and suspension processes and transport rates under propagating surface waves were compared with earlier observations of similar phenomena in OWTs, and with different theories. This lead to the following conclusions:
[84] For the first time it has been possible to measure detailed sediment concentrations and grain velocities (from a cross-correlation of two concentration signals) at different elevations inside the sheet flow layer under prototype waves. This is an important and promising result for possible future research in the field. Still, grain velocities could only be determined under the crest of the wave. It is expected that due to the asymmetry in velocity both the thickness of the sheet flow layer and the grain velocities under the trough of the wave were too small to yield significant cross-correlations.
[85] The behavior of the sheet flow layer under waves is qualitatively similar to that in horizontal OWT flows:
1. Large concentration gradients exist over the (thin) sheet flow layer. The gradients within the sheet flow layer are at least one order of magnitude greater than suspended sediment concentration gradients that typically occur further away from the bed.
2. The sheet flow layer under waves has a thickness of order(10) grain diameters, ranging from approximately 10 to 60. These values are very similar to those in OWTs and are well represented by the empirical relation of Sumer et al. [1996] for steady flow.
3. Below the initial bed level, a pick-up layer is observed. In this layer the concentration is equal to the bed concentration when the velocity is small. When the velocity increases, the concentrations decrease, because the sediment dilates due to dynamic interactions.
4. Above the initial bed level is the upper sheet flow layer where concentrations increase as the velocity increases, because sediment is entrained from below into the flow. When the velocity decreases again, concentrations decrease too.
5. The asymmetry in near-bed velocity (larger crest velocities than trough velocities) is reflected in the concentrations (both in the pick-up layer and in the upper sheet flow layer).
6. Concentrations inside the sheet flow layer are nearly instantaneously related to the near-bed velocity. This is caused by the fact that the sheet flow layer is relatively thin and located close to the bed, resulting in a quick sediment response.
[86] Time-dependent suspended sediment concentrations above the sheet flow layer are an order of magnitude smaller than the concentrations within the sheet flow layer. They show increasing phase lags with increasing distance above the bed, with the maximum suspended concentration occur- ring under the trough of the wave for levels higher than about 18 mm above the bed.
[87] Time-averaged suspended sediment concentrations under waves are much higher than in OWT flows under similar conditions. This might be caused by suppression of a vertical velocity component in an OWT due to the rigid upper lid. However, even under waves, the contribution of the suspended load to the total transport rate in sheet flow conditions is still of minor importance.
[88] Grain velocities inside the sheet flow layer are relatively high: even inside the pick-up layer, grain velocities are about half the value of the free-stream velocity (i.e., outside the wave boundary layer).
[89] Due to the large grain velocities and large sediment concentrations, sediment fluxes in the sheet flow layer are much larger than suspended sediment fluxes. Estimates of net transport rates in the sheet flow layer, derived from measured sediment fluxes under the crest of the wave indicate that the transport rate inside the sheet flow layer is similar to the total net transport rate. This indicates that most of the sediment transport is taking place inside the sheet flow layer, i.e., very close to the bed. This is in agreement with observations in horizontal oscillatory flows. Apparently, also under waves the contribution of the suspended load to the total transport rate in sheet flow conditions is still of minor importance, despite the relatively larger suspended sediment concentrations.
[90] Total net transport rates determined from successive bed profiles showed a linear relation with the third power of the fluid velocity above the boundary layer. This thirdpower dependency is consistent with previous observations in OWT flows. However, magnitudes of net transport rates under waves are approximately 2.5 times larger than found in previous OWT experiments. This is expected to be (partly) caused by the onshore-directed boundary layer streaming, which is present under waves and absent in OWTs. Despite the small value of this streaming, compared to the maximum velocity, it might have a large effect on the net transport rate, especially since it is located inside the boundary layer, which means that it occurs in the sheet flow layer, where sediment concentrations are very high.
[91] Various features of the observations are described by two very different models: a time-dependent suspension model with enhanced boundary roughness (RA95), and a steady two-phase collisional grain flow model (JH98). RA95 is successful in describing the velocity profile using an enhanced roughness approximately equal to the measured sheet flow thickness. JH98 appears to describe the main features of the sheet flow layer such as the profiles of concentration and velocity. Considering that we have not modified the theory to reflect the oscillatory nature of the flow, we find this agreement to be quite encouraging. However, there were some discrepancies between the observations and the JH98 model, particularly near the upper and lower surfaces of the sheet flow. Near the upper surface, the collision-based theory does not describe the effects of fluid turbulence upon the suspension of sediment. Near the lower boundary, the assumed concentration of 0.55, which originated from a consideration of homogeneous spheres, is clearly lower than the measured concentrations of natural sand grains.
[92] The present measurements in combination with previous measurements and theories provide compelling evidence that sheet flow is a highly important process in nature under certain conditions. However, we recognize that investigations into the detailed dynamics of sheet flows are still just beginning; theories and models must be considered preliminary until more detailed measurements can be obtained for verification. Several features of oscillatory sheet flows are still not adequately described. Some of these include: the fluid velocity inside the sheet flow layer; the velocity field of the grains over the entire cycle; the nature of the boundary separating moving and immobile grains; the transition between collisional grain interactions and fluidgrain suspension interactions; the effects of natural, graded sediment upon collisions, packing, the actual shear stress and effective drag coefficient; the presence and importance of combined wave -current effects and boundary layer drift velocities; the conditions under which sheet flows occur in natural coastal environments; the effects of wave groups and random waves; effects of pore pressure; and the effects of fine sediments or biological matter within the bed. 
